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CHA RGED-PARTiCLE ABSORPTION BY 10

The f ive  inne r sa te l l i tes  of Jupite r remain within the magnetosp he r e

at all t imes.  They execute nearl y c i rcu lar equatorial orbi ts  about the

planet. These fac ts  have led Mead and Hess ( 1973)  to predict  a depletion

of zenomagnetical l y trapped (charged-par t i c le )  radiation at dr i f t  shells

that in tersec t  the satel l i tes .  Subsequent quantitative anal y ses of pa r t i c l e

absorpt ion by Jovian satellites (Coroniti , 1974; Hess , Bi rmingham, ant i

Mead , 1974; Thomsen and Goertz , 1975) have typicall y t reated the

sa telli tes as e lectr ical  insulators  that do not otherwise (apart  f rom

absorption) p e r t u r b  the ad iaba t ic  t r a j e c t o ry  of a charged par t ic le .  Such

a ~t t reatment  (which may well he val id  for  Europa , Ganymede , Cal l i s to , and

Arna ltheai  ident i f ies  the absorp t ion  cross section with the geometr ica l

cross section.

However , the well-known corre la t ion between the orbital  phase of

the satellite bo and the t e r res t r i a l  observat ion of Jovian decametric rad io

bursts  (Bi gg, 1964) has led P idd ing ton  and Drake ( 1968)  to propose that lo

is a good elec t r ica l  conductor.  The detailed consequences of such a model

for lo have been invest i ga ted by Goidreich and Lyriden-Bell (1969) .  Whe the r

the conduct iv i ty  resul ts  mainly fr om to ’ s inter ior  composition (Goidreich

and L ynden-Bel l , 1969), f rom its surface composition (Matson , Fariale ,

and Johnson , 1974), or f rom its ionosphere (Kl iore , Fjeldbo , Seidel ,

Sweetnam , Sesplaukis , Woicesh yn , and Rasool , 1975) is uncerta in , bu t is

of l i t t le  consequence to the presen t  d iscuss ion .

- 5 -
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The point is that a conducting to must inevitabl y d i s to r t  ( in the

vic in i ty  of to) the e lectrostat ic  field ~~ ( -,~~V) associated wi th  Jup i te r ’ s

rotation , and must the reb y alter the adiabatic t ra jec tor ies  of z e n o m a gn e t ic a l l y

t r a pped par t ic les  there.  The purpose of the present  work is to es t imate

the quant i ta t ive  e f fec t  of this distort ion on the ability of to to absorb  cha rged

part ic les  f r o m  the Jovian magnetosphere. Our intent is not to pre jud ge

al ternat ive  rad io -burs t  mechanisms which may not require  bo to be a good

co nductor , but rathe r to derive Borne furthe r consequences of those

mechanisms that do require  it (cf .  Huba and Wu , 1976).

In order to make the present  analysis  tractable , we have adopted

an idealized rectangular  model in which

V (r) = (a~ B0/ r ~ c)c~.B [1 - (ai /r)
2
1x (1)

and

B ( r )  = — ~~B0 (a 0/r 1) 3 [l — 3 (x/r ~~)}, ( 2 )

where a0 (= 71372 km) is the radius of Jup ite r , a 1 (= 1930 km) is the radius

of to ( inc luding  a substantial part of its ionosphere),  and r 1 (= 421600 k r n l  is

the radius of lo s  orbit (Blanco and McCuskey, 1961) . Thus , lo and its fl ux

t ube cons t it ut e a cylinder (of radius r = a 1) that extends to x =t ~~~, and the

magnetic f ield B i s  everywhere anti par allel  to Jup iter ’ s rotat ion axis

(~ = ~
). The coordinates (x , y, z) orig inate at the center of to. It proves

convenient to introduce also the cy lindrical  coordinates (r , ~p) suc h that

-6-
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1~x = r cos ~ and y = r sin ~. The parameter  B0 ( 4. 192 G, accord i ng to

the sp r e r i r i l - h ar m o r ic am l vsi s  o~ Smith, Davis , Jone s , Coleman ,

Colburn , Dyai . and ~-onet t , 1975) represents  the equatorial di polar mag-

n e t i c — f i e l d  i n tens i ty  at the su rface  of Jupiter.

The geor . etr y ~-or r e s p or .d ing to ( I )  and (2 )  is i l lustrated in F igure  la.

lo and its f lux  tube cons t i tu te  (b y assumpt ion)  a perfectl y cond ucting cyl inder

in wh ich  Jup i ter  3 magnet ic  f ield is “frozen ’ . The sur rounding  magneto-

spheric plasma fl ows (along equipotentials of V) around the flux tube as if

the plasma were  an incompress ib le  fluid s treaming without viscosi ty past

a solid c y l i n d e r  (Go id re i ch  and L ynden-Bell , 1969) . Guiding-center d r i f t

in the y d i rec t ion  here correspond s to azimuthal dr i f t  in the magnetosphere

of Jupi ter .  Moreover , the absol ute contributions of electric drift  and

gradient  dri f t , as d e .r iv ec~ f r o m  ( 1)  and (2 , correspond at the orbit of Lo

t o those obtaining in Jupiter ’ s mag netosphere. Since the coordinates in

Fi gure 1 are locentric , the angular velocity Q in ( 1) must  be assigned a

magnitude (= 1. 3467 x 10~~ sec~~~) equal to the apparent rotation rate of

Jupiter in the rest frame of Io (Blanco and McCuskey, 1961; Donivan and

Carr , 1969; Mead and Hess , 1973).

Since the conductivity of bo and its flux tube is regarded as infinite in

the present idealization , there is no perturbation of B in to ’ s wake of the sort

described by Goertz and Deift (1973).  Moreover , the present model

envisions no in t rins ic  magnetization or susceptibility for bo, as had been

contemplated by Burns (1968). The flow velocity (Q r 1 ~~~ 60 k in/ sec)  of

-

‘ 

Jovian plasma relative to bo is smaller than the A 1fv~ n speed for a (hydrogen)
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Figure 1. Drif t  paths of representat ive part icles in the v ic in i ty  of Io:
(a) partic les having M = 0; (b) protons , M - 1 GeV/G;
(c )  electrons . M 40 GeV/G ;  (d) electrons , M = 80 GeV/G;
(e) electrons , M 2 200 GeV/G; ( f )  electrons , M 400 GeV/G.
Dashed curves represent  critical (g r az ing )  t ra jec tor ies  and
separat r ices .  Other t ra jec tor ies  are identified by values of
x / a 1 or of

-8-
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~ ~ i~~ cm lo should have no standing bow shoc k

r l~~~~~. The fl ow would be subsonic onl y for  a plasma

ter.~pt rature T -
~ 1 3  e’~ . but  v io la t ion  of this lat ter  condition could only

rome e l e c t ro s t a t i c  noise.  it would not ser iously alte r the

-
~~~ ~~~ s~mpie model. 

We also ignore the possible e f fec t s

s~~eatt :  (Gurne tt , 1972; Hubbard , Shawhan , and Joyce ,

~a l~~cL ~~ i~~-.t be p resen t .  The major  weakness of the present  model

I -  OI 1T two - di~~ en ~~ onai ~oeo -ne t rv ,  w hich makes to ’ s f lux t ube in f in i te l y

~~~~~ 
-~~~~~L - p 5  ic- s orbit a s t r a i g ht l ine , and suppresses the curva ture

drif t in Jup ite r ’ s magnetic  f ield.  However , the r e s u l t s obtained here

oe r e a / o n ab i - .~ va lid for  charged  part icles that mi rror  near

~~dc~a Uy at Jupiter  s magnetic-  equator .

F c - r  a oart ~ -.ie v . i th  a ‘- - :si ~in ~ component of velocity along B,

c.~n c e r va t io i -tf thc f i r st  ao ia : t a :~ c mvar iant  M and total (k ine t ic  plus

~ ot’~r~tia 1: ener g~- W imp ly ~ d r i f t  t r a j ec to ry  given (
~~~~~

.&• , 
Sch ulz , 19 72)

1w the eGuation

[1 -‘- (2/m 0c
2
~ M B ( ~~~]

”2 ± q /rn 0c2 ) V ( r )

[1 + (2 / m 0c
2
~ M B 1]112 , (3)

wt~er e q ~s the part ic le s charge and B 1 is the field intensity at the point

(r , ~ ) - (a~ ~~ where the trajectory 
intersects to ’ s flux tube. Since V = 0

~ t r = a 1, the ri ght-hand side of (3 )  represents  the conserved quantity

I -L ~W / m 0c’~~. The equ ipotential t r a j ec to r i e s  shown in Figure Ia cor-

respond to ~‘J 0 and are spec ies- invar ian t .  Tra jec tor ies  for protons

-
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and electrons having other values of M are shown in the remainjn~

panels of Fi gure  1.

Proton t r a j e c t o r i es  (see Figure Ib) that just graze los flux tube

at ~~~0 and ~ = ~-r a re  separated by a d i s tanc e 2a
1 t h e r e .  These  c r i t i c a l

t r a j e c t o r i es  (d ashed c u r v e s )  a t ta in  a separation ~ x < when mapped

to y = - -u S There  are  no s tagnat ion  points ( i n t e r s e c t i ng  t r a j e c t o r i e s)  in

the flow pattern (near lo, at least ) for protons having M 0 nor for

electrons having M> 205. ~ GeV IC. Critical trajectories of the latter

(dashed curve s, Figure If) just graze Jo ’ s flux tube at -
; = 0 and ; = n h u t

attain a separation ~x . > 2a 1 when mapped to y = ~ —~~~~ . individua l

t r a j e c t o r i e s  can be labeled by x~~ ( the value of x at y = ~~ X )  or by 
~~ 

(the

value of -
; at r a

1
) .  Our interpretation of Figure 1 is that lo absorbs

zenornagrieticall y trapped par t ic les  f rom dr i f t  shells (L , in the sense of

Stone , 1963)  hav ing  a bandwidth ~L Ax~~ /a 0, and that partic les on drift

shells outside this band avoid absorption. Represen ta t ive  value s of

ix~ /2a, are listed in Table 1. The symbol W denotes the (kinetic~ energy

of a particle on the trajectory x 0 for given M. The E x B drift becor-ie s

negligible in the limit of large M, and so the ratio ~~~ /2a 1 approaches

unity fo r  all charged-par t ic le  species in this limit.

The values of Ax~~/2a 1 listed in Table 1 refe r to guiding-cente r

t r a jec to r ies , and each might be augmented by the quantity

— 2 3  2 2 3 1 / 2
p /a 1 (2 m0c r 1 M/q B0 a 1 a0 ) ( 4 )

-10-
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— in o rder  to account  f or th e absor ption of par t ic les  whose gu id ing  c e n t e r s

pas s within  one gyra t ion  r ad ius  (~~ of to (r = a 1 ) at y = 0. The sum

+ 2 is monotonic with  M for protons , bu t not for  e l ec t rons

(which show a relat ive minimum in at M ~‘-~2 x I O~ Ge V / C) .  H owt-v ~ r ,

p rotons having M >  10 G e VJ G  and e lec t rons  having M -> 3 x 10 G e V /G  a r e

found to execute gu id ing-cen te r  d r i f t s  (2rT ~Tm 0r~ c/q B 0a~~) y >  0. 2a 1
dur in g one gyra t ion  period. Thus , a par t ic le  with given M can (over  a

cer tain range of asymptot ic  impact pa ramete r s  x~~ ) eithe r collid e wi th

lo or avoid lo , de pending on the part icle ’ s gyrophase. In othe r words ,

the absorpt ion process is somewhat probabil is t ic  ( ra ther  than d e t e r m i n~ i-~t i  I

for  cer ta in  ranges  of x~~~. However , the adiaba t ic app rox imat ion  invoked

in the p resen t  ca lcula t ion  of ~~~ /2 a 1 should be valid enoug h, s ince  we f i n d

that~~ /a 1 < 0.3 for (1x /2a
1
) - 1~ > 0.3 and 3v/r 1 

.-
~~-

- 1 for H :x /2 a 1
)

- i i  ~
-
~~
- 1. The distorted electric field and its characteristic scale length

a
1 
are important in the former contingency, but not in the latter.

Stagnation points in the flow pattern for electrons having M< 200

GeV/G generate the critical trajectories (dashed curves) in Figures ic - id .

For M< 46. 38 GeV/G the stagnation points occur only at x 0 , with

2 A
y = ± [1 - (3cM/ q~~ r 1 Q .B)1 a1~ - t ~y/2, (5)

and ge nera t e a separatrix (dashed curve, Figure Ic) that precludes the

adiabatic impact of such rad ia t ion-be l t  e lectrons with lo (hence , cx~~ 0

in Table 1). The symbol ~ (~~~ 
[ 1  + (2 M B 0/m 0c2 (a 0 / r 1

) 3
1

h / Z ) deno tes

the par t ic le ’ s ra tio of r e l a t i v i s t ic  mass to res t  mass at x 0. The symbol

‘
~ 

denotes the same ratio in general , and st agna t ion  points  o c c u r  where~ er

I
I

~ 

- . 
~~~-
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q E (M/ ~~) V B .  Thus , the s tagnat ion points approach y = ± a 1 (and the

sepa ra t r ix  degenera tes  to the c i rc le  r = a 1) in the limit M = 0 (as

i l l u s t r a t ed  in Fi gure  1 a .  The stagnation points specified by (5)  recede

to y = ± ~x as M 50. 70 G e V/ G , a limit in which the present  rec tangular ized

field model is not sa t i s fac tory .

The range of M values ( 4 6 . 3 8- 5 9 . 74 G e V / G)  spanning the com-

plicated t rans i t ion  f rom the topology of Fi gure lc to that of Fi gure id

coinc ides rou ghl y with the range over which the present  model is too

crude .  Since the gradient  and e lect r ic  dr i f t s nearly cancel at

< 10 f or e lec t rons  in th is r ange , a good descript ion of the t rans i t ional

dr i ft t r a j ec to r i e s  would requi re  a more accurate  model of the variat ion

of E a n d B with radial d i s tance  f rom Jup iter.  We have formulated such

a model and have foun d its consequences  to agree well (within 1% for all

value s of Ax~~ I2a 1 g iven in Table 1, although comparison was not feasible

for  electrons having M = 50-200  GeV/G)  with those of the present  model

spe ci f ied by ( 1)  and (2) .  However , the more realistic model is too com-

plicated for  adequate descript ion in the space available here , and it does

not y ield simple analytical  c r i t e r i a  such as (5) for locating stagnation

points in the flow pattern. Thus , we view the present (simpl i f ied)  model

as the more instruct ive , despite its fai lure over the range M 46-60 G e V / G

(corresponding to electron energies W a e~ 30-35 MeV at to). We exp lore

fur ther  consequences of the present  model in this spirit .

For electrons having M >  60 GeV/G the stagnation points appear at

y = 0, with

- 13-



2 ‘~ -1/2x = -t [(3cM /q -y r 1 Q . B )  - 1 ] a 1, ( 6 )

2 2 1/ - . . - -where y = [~ - 3 (~ - 1) ( x/ r
1

)] . The iterat ion implicit in (6) conve rg &- s

quite rap idl y, and the s tagnat ion points thus specified generate  s epa ra t r i ce s

of the type i l lus t ra ted in Fi gure ld. Electrons of this class can impact

onl y a por t ion  of to ’ s surface , i .e. , the portion outside a pair of long it ude

in te rva l s  fac ing  toward anti away f rom Jupiter.  The stagnat ion points

app roac h x ± a 1 (ex posin g to ’ s enti re surface to electron impact) for

M —  200 GeV/G (as i l lustrated in Figure  l e ) .  Actually, the outer stagnation

point reaches x = + a 1 for M = 199. 6 GeV/G , and the inner one reaches

x = - a 1 for M = 205 .2  GeV/ G (above which there are no stagnation points

in the e l e c t r o n - d r i f t  pattern near to: see Figure l f ) .

The results summarized in Table 1 correspond to the various

adiabatic cases described above. These results suggest  that to ’ s

par t ic le-absorbing cross section d i f f e r s  systematically f rom its geometric

cross sect ion , and in particular that Jo cannot absorb electrons having

W .- 30 MeV from Jupiter ’ s radiation belt. This last conclusion seems to

conflict with the observational data of Fillius and Mcllwain (1974 ) ,  which

show depletions of the 160-keV and 9-MeV electron fluxes at the orbit of Jo.

One might hope to reconcile this conflict by appealing to collisional di f fus ion

of electrons as they execute the curved portion of the separatr ix (and nearby

t r a j e c t o r i e s)  in Figure ic. However , 8uch an effect  tu rns  out to be neg l igible ;

only particles on adiabatic t rajectories  that pass within 1 km of the

separatrix could conceivably experience a substantial (> 10% ) probabili ty

of d i f fus ing  (b y collisions) across the separatrix and (thus ) onto t ra jec tor ies

-14-  

—.--- .. ~~— - -. - -- .-—.---- - ,.-—--—. ~~~~~~~~~~ . --..---
_____  

-~ - -I - or~~~~~~~~~~~~~ ~~~~— - -  —— — 1



— -—-——~~~~~~~~~~~
- -

— that impact to. Some al ternat ive di f fus ion mechanism may be responsible

for t r anspor t i ng  such electrons (W < 30 MeV) f rom a si gni f icant  swath of

d r i f t  shells across the separatrix to produce the observed absorption

profile , but it is d i f f icu l t  to be quantitative about this.

The accepted g lobal d i f fus ion  mechanism (Brice and Mc Donough , 1973)

f or J upi ter ’ s magnetosphere  involves  fluctuating electr ic  f ields generated

by f luctuat ions  (perpendicular  to ~~) in the circulatory motion of Jupiter ’ s

neut ra l atmosphere at (Jovian)  ionospheric altitudes. Hess et al. (1974)

est imate the result ing radia l -d i f fus ion  coefficient as D ~~~ 300 krn2 / sec  at

the orbit of to, and Coroniti  (1974 ) estimates that D~~~250 km2 / sec  there.

Spatial d i f fus ion  produces a mean-square disp lacement ~~2Dt af ter  an inter-

act ion time t. The time requ i red  for  an e lectron to execute the exact

separatrix adiabatically turns out to be infinite because the particle is

stationary at the point s where q E ( M/V ) VB , as given by (5 ) .  However ,

a rou gh estimate for nearby paths is that

t— (na
1/r 1 Q) [1 

- (3cM/q ~~ r~~c~.B)}
3
~
’2 

. (7)

This represents  a fract ion ~y/ 4 r 1 of the part icle ’ s full dr i f t  period

( Zn/ Q 3) between encounters with to, where A y / Z  is the radius of the

separatrix at x = 0, as g iven by (5) .  Representa t ive  values of Ay / 2 a 1, t ,

and (2Dt) ~~
2 , as derived from (5) and (7) with D :300 km 2 / s ec , are g iven

in Table 2. Thus , for example , elec t rons  on adiabatic trajectorie c. .  that

pass within — 1 0~ km of the separatr ix at M 20 GeV/G (2Dt -’-0 . 08a~ - -

3 X 10 km ) should have a probabil i ty > 10% of d i f fus ing  across  the

separatrix and being absorbed by to on a g iven encounter.  Tabulat ions of

- 15 -
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the full d r i f t  period (Zn/ci 3 ) bet ween encounters  with to and the  cor-

responding root -mean-square  disp lacement (4nD/cl ) sugges t  that

such an electron , if not absorbed on a given encounter with to , has

little chance of being absorbed on its next encounter (see Table 2) .

The foregoing considerations (based on D ’— — 300 km 2 / s e c)  app ly

only if Jup ite r ’ s radia l -d i f fus ion coef f ic ien t  is unmodified in the v ic in i ty

of to. This seems unlikel y in view of the effect that to ’ s conduct ivit y has

on the adiabatic t ra jector ies .  An evaluation of to ’ s loca l ef f ec t on the

magnitude of D woul d be interesting , but would exceed the intended

scope of the present work.  It would also be interest ing to calculate the

electrostat ic  potential V ( r )  surrounding an to with only finite conductivi ty .

Adiabatic particle t rajectories  in such a model would presumably lie

between those calculated above and the simple t ra jector ies postulated by

Mead and Hess (1973) for the case of a pe rfect l y insulating 1~ . However ,

the present work (even in the absence of such ref inements)  has demon -

strated that the conductivity of to entails a major recons idera t ion  of the

mechanism by which the satellite absorbs charged particles f rom the

radiation belt of Jupiter. Conversely, if  Jo is observed to absorb charged

particles in the manner of an insulating obstacle , then one must recons ider

the electrodynarn ic aspects (Piddington and Drake , 1968; Goldreich and

Lyn den-Be ll , 1969) of to ’ s interaction with the magnetosphere of Jupiter

and the consequences of this for the theory of Jovian decamet r ic  radio

emission.
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THE IVAN A. GETTING LABORATORIES

The Laboratory Operation . of The Aero s pace Corporation is cond ucting

experimental and theoretical inve s ti gations necessary for the evaluat ion and
app l ication of sc ient if ic advance, to new militar y concepts and systems . Ver-
s at i l i ty  and flexibil i ty have been developed to a hig h degree b y the laboratory
pe rsonnel in dealing w ith the many problem s encountere d in the nation ’ s rapidl y
developing space and missile sys tems.  Ex pertise in the latest scientific devel-
opments is vital to the accomplishment of tasks related to these problems. The
laboratories that contribute to this research are:

Aeroph ysi c~ Lab o ratory : Launch and reentry aerod ynam ics , heat trans-
fer , reentry phys i c s , chemical kinetics , structural mechan ics , flight dynamics .
atmosp heric pollut ion , and hi gh-power gas lasers.

Chemistry and Physics Laborato ry : Atmosp heric reactions and atmo s-
c c optics , chemica l reactions in polluted atmos p heres , chemical reacti ons

oi exc i ted bp ec les in rocket plumes , chemical thermodynamics , plasma and
laser-induced reactions , laser chemistry, propulsion chemistry, space c-acuum
and radiation ef fects on material s , lubrication and surface phenomena , photo.
sensi t ive materials and sensors , high precision laser ranging, and the appli-
cation of phys ics  and chemistry to problems of law enforcement and biomedicine.

Electronics Research Laboratory : Electromagnetic theory, devices , and
propagation phenomena , inclu ding plasma electromagneti Cs;  quantum electronics ,
lasers , and electro -opt ics; communication sciences , applied electronics , semi -
conducting, superconducting, and crystal device physics , optical and acoustical
imaging; atmosp heric pollution; millimeter wave and f ar-infrared technology.

Materials Sciences Laboratory : Development of new materials; metal
matrix composites and new forms of carbon ; test and evaluation of grap hite
and ceramics in reentry; spacecra ft materials and electronic components in
nuclear weapons environment; application of fracture mechanics to s t ress cor-
ros ion and fatigue-induce d fractur es in structural metals.

Space Sciences Laboratory : Atmo s pheric and ionosp heric physics , radia-
tion from the atmosphere, dens ity and composit ion of the atmosphere, aurorae
and ai rglow; magnetosp heric physics , cosmic rays , generation and propagation
of plasma waves in the magnetosp here; solar phys ics , studies of solar magnetic
field .; space astronomy, x~ ray astronomy; the effects of nuclear ex plosions .
magnetic storms , and solar activit y on the earth’ s atmosp here , ionosp her ~ , and
magnetosphere; the effects of optical , electromagnetic , and particulate radia-
tions in space on space systems .

THE AEROSPACE CORPORATION
El Segundo , California
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